Previous studies on the rotation of Sun-like stars revealed that the rotational rates of young stars converge towards a well-defined evolution that follows a power-law decay. It seems, however, that some binary stars do not obey this relation, often by displaying enhanced rotational rates and activity. In the Solar Twin Planet Search program, we observed several solar twin binaries, and found a multiplicity fraction of 42% ± 6% in the whole sample; moreover, at least three of these binaries (HIP 19911, HIP 67620 and HIP 103983) clearly exhibit the aforementioned anomalies. We investigated the configuration of the binaries in the program, and discovered new companions for HIP 6407, HIP 54582, HIP 62039 and HIP 30037, of which the latter is orbited by a 0.06 M brown dwarf in a 1-month long orbit. We report the orbital parameters of the systems with well-sampled orbits and, in addition, the lower limits of parameters for the companions that only display a curvature in their radial velocities. For the linear trend binaries, we report an estimate of the masses of their companions when their observed separation is available, and a minimum mass otherwise. We conclude that solar twin binaries with low-mass stellar companions at moderate orbital periods do not display signs of a distinct rotational evolution when compared to single stars. We confirm that the three peculiar stars are double-lined binaries, and that their companions are polluting their spectra, which explains the observed anomalies.
INTRODUCTION
It is known that at least half of the stars in the Galaxy are multiple systems containing two or more stars orbiting each other (Kiseleva-Eggleton & Eggleton 2001; Fuhrmann et al. 2017) , thus in many surveys and large samples of stars, binaries are ubiquitous. This is in contrast with the Sun, which is a single star, and attempts to find a faint stellar companion orbiting it rendered no results thus far (e.g., Luhman 2014) . Many studies avoid contamination by binaries in their sam-E-mail: leonardoags@usp.br ples, the main reasons being because we do not understand well how binaries evolve and how the presence of a companion affects the primary star. However, with the development of instruments with higher spatial and spectral resolution and coronagraphs, it is now possible to better probe the secondary component of such systems.
We have been carrying out a radial velocity planet search focused on solar twins using HARPS Bedell et al. 2015; Tucci Maia et al. 2016; dos Santos et al. 2016; Meléndez et al. 2017, hereafter Papers I, II, III, IV and V, respectively) . The definition of solar twin we use is a star with stellar parameters inside the ranges 5777 ± 100 K, 4.44 ± 0.10 dex(cgs) and 0.0 ± 0.1 dex, respectively, for T eff , log g and [Fe/H] . In total, 81 solar twins 1 were observed on HARPS. As part of our survey we previously identified 16 clear spectroscopic binaries (SB) (Paper IV). We report here the identification of four additional SBs (HIP 14501, HIP 18844, HIP 65708 and HIP 83276) and the withdrawal of HIP 43297 and HIP 64673, which are unlikely to host stellar-mass companions, bringing the number of solar twin SBs to 18. Most of these SBs are single-lined -they do not contain a second component in their spectral lines -, meaning that their companions are either faint stars or located outside the ∼1 aperture of the HARPS spectrograph. We confirm that there are three solar twins with spectra contaminated by a relatively bright companion (see discussion in Section 4.3). In our sample there are an additional 18 visual binaries 2 or multiple systems, of which HIP 6407 and HIP 18844 have wide companions (see table 5 in Tokovinin 2014) as well as the spectroscopic companions reported here.
In Paper IV we saw that the single or visual binary solar twins display a rotational evolution that can described with a relation between stellar age t and rotational velocity v rot in the form of a power law plus a constant: v rot = v f + m t −b , where v f , m and b are free parameters to be fit with observations. This relation is explained by loss of angular momentum due to magnetized winds (e.g., Mestel 1984; Charbonneau 1992; Barnes 2003; Gallet & Bouvier 2013) , and the index b reflects the geometry of the stellar magnetic field (Kawaler 1988) . There are at least two solar twin binaries that display enhanced rotational velocities -above 2σ from the expected -and activity for their ages: HIP 19911 and HIP 67620; if we consider the revised age for HIP 103983 (Spina et al., in preparation) , it can also be considered a fast rotator for its age.
Besides the enhanced rotational velocities and higher chromospheric activity (Paper I; Freitas et al. 2017) , some of these binaries also display peculiar chemical abundances (Paper III; Desidera et al. 2016) . As pointed out by Desidera et al., the ultra-depletion of beryllium, which is observed on HIP 64150, could be explained by the interaction of the main star with the progenitor of the white dwarf companion. In addition to HIP 64150, the confirmed binaries HIP 19911 and HIP 67620 also display clearly enhanced [Y/Mg] abundances (see fig. 9 in Paper III, and the discussion in Section 4.3 of this paper).
One interesting aspect about stars with enhanced activity and rotation is that these characteristics were hypothesized to be the result of dynamo action from close-in giant planets (see Karoff et al. 2016 , and references therein). In fact, some of our early results pointed out that the star HIP 68468, for which we inferred two exoplanets candidates (Paper V), had an enhanced rotational velocity when compared to other solar twins of the same age. However, a more careful analysis showed that the enhancement was instead a contribution of macroturbulence. Another explanation for these enhancements is due to magnetic interactions with either a 1 Some of the stars in our sample do not fit the strict definition of solar twins because one or more parameters are off the definition intervals, but they are still very close solar analogues. 2 We define as visual companions those with separations larger than 1 close-in or an eccentric giant planet (Cuntz et al. 2000) , but recent results obtained by, e.g., Figueira et al. (2016) and Mengel et al. (2017) show that they cannot explain such anomalies.
In light of these intriguing results, we sought to better understand the nature of these solar twin multiple systems by studying their orbital parameters, and use them to search for explanations of the observed anomalies, especially stellar rotation. The orbital parameters can be estimated from the radial velocity data of the stars (see, e.g., Murray & Correia 2010, hereafter MC10) , with the quality of the results depending strongly on the time coverage of the data.
RADIAL VELOCITIES
Our solar twins HARPS data 3 are completely described in Paper I. Their radial velocities (RV) are automatically measured from the HARPS Data Reduction Software (see Table 1), and the noise limit of the instrument generally remains around 1 m s −1 . In order to broaden the coverage of our RV data, we also obtained more datasets that were available in the literature and public databases, including the HARPS archival data for other programs.
The mass and other stellar parameters of the solar twins were estimated with high precision using the combined HARPS spectra and differential analysis owing to their similarity with the Sun (see, e.g., Bedell et al. 2014; Baumann et al. 2010; Yana Galarza et al. 2016) . The ages for the solar twins were obtained using Yonsei-Yale isochrones (Yi et al. 2001 ) and probability distribution functions as described in Ramírez et al. (2013) and in Paper I. The full description and discussion of the stellar parameters of the HARPS sample are going to be presented in a forthcoming publication (Spina et al., in preparation) .
The additional radial velocities data obtained from online databases and the literature are summarized in Table 2 . These are necessary to increase the time span of the observations to include as many orbital phases as possible at the cost of additional parameters to optimize for (see Section 3.1).
METHODS
The variation of radial velocities of a star in binary or multiple system stems from the gravitational interaction between the observed star and its companions. For systems with stellar or substellar masses, the variation of radial velocities can be completely explained by the Keplerian laws of planetary motion. For the sake of consistency, we will use here the definitions of orbital parameters as presented in MC10.
To completely characterize the orbital motion of a binary system from the measured radial velocities of the main 3 Based on observations collected at the European Organisation for Astronomical Research in the Southern Hemisphere under ESO programs 188. C-0265, 183.D-0729, 292.C-5004, 077.C-0364, 072.C-0488, 092.C-0721, 093.C-0409, 183.C-0972, 192.C-0852, 091.C-0936, 089.C-0732, 091.C-0034, 076.C-0155, 185.D-0056, 074.C-0364, 075.C-0332, 089.C-0415, 60.A-9036, 075.C-0202, 192 .C-0224, 090.C-0421 and 088.C-0323. star, we need to obtain the following parameters: the semiamplitude of the radial velocities K, the orbital period T, the time of periastron passage t 0 , the argument of periapse ω and the eccentricity e of the orbit. In order to estimate the minimum mass m sin i of the companion and the semi-major axis a of the orbit, we need to know the mass M of the main star.
Due to their non-negative nature, the parameters K and T are usually estimated in logarithmic scale in order to eliminate the use of search bounds. Additionally, for orbits that are approximately circular, the value of ω may become poorly defined. In these cases, a change of parametrization may be necessary to better constrain them. Eastman et al. (2013) , for instance, suggest using √ e cos ω and √ e sin ω (which we refer to as the EXOFAST parametrization) instead of ω and e to circumvent this problem, which also can help improve convergence time.
One issue that affects the radial velocities method is the contamination by stellar activity (see, e.g., Haywood et al. 2016) . This activity distorts the spectral lines (Gray 2005) , which in turn produces artificial RV variations that can mimic the presence of a massive companion orbiting the star. More active stars are expected to have RV variations with larger amplitudes and a shorter activity cycle period (Lovis et al. 2011) . For most binaries in our sample, the contamination by activity in the estimation of orbital parameters is negligible; the cases where this is not applicable are discussed in detail.
Binaries with well-sampled orbits
For binaries with orbital periods T 15 yr, usually there are enough RV data measured to observe a complete phase. In these cases, the natural logarithm of the likelihood of observing radial velocities y on a specific instrument, given the Julian dates x of the observations, their uncertainties σ and the orbital parameters p orb is defined as:
where y n are the RV datapoints, y model are the model RV points for a given set of orbital parameters, and σ n are the RV point-by-point uncertainties. The RV models are computed from Eq. 65 in MC10:
where f is the true anomaly, and γ is the systemic velocity (usually including the instrumental offset). The true anomaly depends on e and the eccentric anomaly E:
the eccentric anomaly, in turn, depends on T, t 0 and time t in the form of the so called Kepler's equation:
Eq. 1 is minimized using the Nelder-Mead algorithm implementation from lmfit (Newville et al. 2016, version 0.9.5 ) to obtain the best-fit orbital parameters to the observed data. Because different instruments have different instrumental offsets, the use of additional RV data from other programs require the estimation of an extra value of γ for each instrument. The uncertainties of the orbital parameters are estimated using emcee, an implementation of the Affine Invariant Markov chain Monte Carlo Ensemble sampler (ForemanMackey et al. 2013 , version 2.2.1) using flat priors for all parameters in both MC10 and EXOFAST parametrizations. These routines were implemented in the Python package radial 4 , which is openly available online. The uncertainties in m sin i and a quoted in our results already take into account the uncertainties in the stellar masses of the solar twins.
Binaries with partial orbits
For the binary systems with long periods (typically 20 years or more), it is possible that the time span of the observations does not allow for a full coverage of at least one phase of the orbital motion. In these cases, the estimation of the orbital parameters renders a number of possible solutions, which precludes us from firmly constraining the configuration of the system. Nevertheless, RV data containing a curvature or one inflection allows us to place lower limits on K, T and m sin i, whilst leaving e and ω completely unconstrained. When the RV data are limited but comprise two inflections, it may be possible to use the methods from Section 3.1 to constrain the orbital parameters, albeit with large uncertainties.
For stars with very large orbital periods (T 100 yr), the variation of radial velocities may be present in the form of a simple linear trend. In these cases, it is still possible to obtain an estimate of the mass of the companion -a valuable piece of information about it: Torres (1999) describes a statistical approach to extract the sub-stellar companion mass when the only information available from radial velocities is the inclination of the linear trend, provided information about the angular separation of the system is also available. In this approach, we need to adopt reasonable prior probability density functions (PDF) for the eccentricity e, the longitude of periastron , phase φ and the inclination i of the orbital plane. As in Torres, we adopt the following PDFs: p(i) = sin i, p(e) = 2e and flat distributions for and φ. We sample the PDFs using emcee, 20 walkers and 10000 steps; the first 500 burn-in steps are discarded. From these samples, we compute the corresponding companion masses and its posterior distribution. This posterior usually displays a very strong peak and long tails towards low and high masses which can be attributed to highly unlikely orbital parameters (see Fig. 6 for an example). In our results, we consider that the best estimates for the companion masses are the central bin of the highest peak of the distribution in a histogram with log-space bin widths of about 0.145 dex(M ).
When no adaptive optics (AO) imaging data are available for the stars with a linear trend in their RVs, the most conservative approach is to provide the minimum mass for the putative companion. In the case of a linear trend, the lowest mass is produced when e = 0.5, ω = π/2 and sin i = 1 (Feng et al. 2015) , yielding
where τ is 1.25 multiplied by the time span of the radial velocities and dv/dt is the inclination of the linear trend.
RESULTS
We discovered new, short-period companions for the stars HIP 6407 and HIP 30037 (see Fig. 1 ) and new long-period companions for HIP 54582 and HIP 62039, and updated or reproduced the parameters of several other known binaries that were observed in our program (see Figs. 2 and 4). We briefly discuss below each star, pointing out the most interesting results, inconsistencies and questions that are still open about each of them. The orbital parameters of the binaries with well-sampled orbits in their RV data are presented in Table 3 and the systems with partial orbits are reported in Tables 4 and 5 .
Withdrawn binary candidates
In Paper IV, we showed that HIP 43297 had a rotational velocity v sin i higher than expected for its age. Moreover, its radial velocities had variations that hinted for one or more companions orbiting it. We carefully analyzed the RVs and concluded that the periodic (T = 3.8 yr) signal observed is highly correlated (Pearson R = 0.893) with the activity S -index of the star (Freitas et al. 2017 ). In addition, we tentatively fitted a linear trend to the combined RVs from HARPS, ELODIE and SOPHIE, and obtained an inclination of 4.53 ± 0.04 m s −1 yr −1 , but further monitoring of the system is required to infer the presence of a long-period spectroscopic companion. The revised stellar age for HIP 43297 yields 1.85 ± 0.50 Gyr (Spina et al., in preparation), which explains the high rotational velocity and activity. The solar twin HIP 64673 displays significant fluctuations in its radial velocities, but they do not correlate with its activity index; the data covers approximately 5 years of RV monitoring and displays an amplitude > 20 m s −1 . If confirmed to be caused by massive companions, the RV variations of both HIP 43297 and HIP 64673 suggest substellar masses for the most likely orbital configurations. These stars are, thus, removed from the binaries sample of the Solar Twin Planet Search program.
Solar twins with new companions
HIP 6407: This is a known binary system located 58 pc away from the solar system (van Leeuwen 2007), possessing a very low-mass (0.073 M ) L2-type companion separated by 44.8 (2222 AU), as reported by Baron et al. (2015, and references therein) . In this study, we report the detection of a new close-in low-mass companion with m sin i = 0.12 M on a very eccentric orbit (e = 0.67) with a = 3 AU and an orbital period of approximately 5 years. As expected, the long-period companion does not appear in the RV data as a linear trend.
HIP 30037: The most compact binary system in our sample, hosting a brown dwarf companion orbiting the main star with a period of 31 days. The high precision of its parameters owes to the wide time span of observations, which covered several orbits. This is one of the first detections of a close-in brown dwarf orbiting a confirmed solar twin 5 . HIP 30037 is a very quiet star, displaying no excessive jitter noise in its radial velocities. We ran stellar evolution models with MESA 6 (Paxton et al. 2011 (Paxton et al. , 2015 to test the hypothesis of the influence of tidal acceleration caused by the companion on a tight orbit, and found that, for the mass and period of the companion, we should expect no influence in the rotational velocity. HIP 54582: RV Curvature only. There are no reports of binarity in the literature. The slight curvature in the RVs 5 There are at least 4 solar twin candidates with a close-in brown dwarf companion listed in table A.1 in Wilson et al. (2016) . 6 Modules for Experiments in Stellar Astrophysics, available at http://mesa.sourceforge.net of this star is only visible when we combine the HARPS data and the Lick Planet Search archival data. Owing to the absence of an inflection point, the orbital parameters of this system are highly unconstrained. We found that an orbit with e ≈ 0.2 produces the least massive companion and shortest orbital period (m sin i = 0.03 M and T = 102 yr).
HIP 62039: Linear trend. There are no reports of visually detected close-in (ρ < 2 ) companions around it. This can be attributed to: i) low luminosity companion, which is possible if it is a white dwarf or a giant planet, and ii) unfavorable longitude of periapse during the observation windows. By using Eq. 5, we estimate that the minimum mass of the companion is 19 M Jup . 
The peculiar binaries

HIP 19911
This is one of the main outlier stars in the overall sample of solar twins in regards to its rotation and activity, which are visibly enhanced for both the previous and revised ages (Paper IV; Freitas et al. 2017; Spina et al., in preparation) . For the estimation of orbital parameters reported below, we used only the LCES HIRES/Keck radial velocities, because there are too few HARPS data points to justify the introduction of an extra source of uncertainties (the HARPS points are, however, plotted in Fig. 2 for reference) . When using the HARPS data, although the solution changes slightly, our conclusions about the system remain the same.
The orbital solution of HIP 19911 renders a 0.31 M companion in a highly eccentric orbit (e = 0.82, the highest in our sample), with period T = 5.7 yr. Visual scrutiny reveals what seems to be another signal with large amplitude in the residuals of this fit (> 250 m s −1 , see Fig. 2) ; the periodogram of the residuals shows a very clear peak near the orbital period of the stellar companion.
The cross-correlation function (CCF) plots for the HARPS spectra of HIP 19911 display a significant asymmetry -longer tail in the blue side -for the observations between October 2011 and February 2012, which suggests that the companion is contaminating the spectra. Upon visual inspection of the archival HIRES spectra 7 taken on 17 January 2014, which is when we expect the largest RV difference between the main star and its companion, we saw a clear contamination of the spectrum by the companion (see Fig. 3 ). This contamination could explain the large residuals of the orbital solution, as it introduces noise to the measured radial velocities. The double-lines also explain the inferred high rotational velocity of HIP 19911, since they introduce extra broadening to the spectral lines used to measure rotation. The presence of a bright companion may also affect estimates of chemical abundances, which elucidates the yttrium abundance anomaly (Paper III). The double-lined nature of this system is not observed on the HARPS spectra due to an unfavorable observation window.
Even at the largest RV separation, we did not detect the Li I line at 6707.75Å in the HIRES spectrum of the companion. This is expected because M dwarf stars have deeper convection zones, which means they deplete lithium much faster than Sun-like stars. This leads us to conclude that estimates of Li abundance on solar twin binaries using this line do not suffer from strong contamination by their companions; consequently, age estimates with lithium abundances may be more reliable for such binaries than isochronal or gyro ages.
Another observation conundrum for this system is that Riddle et al. (2015) , using AO imaging without a coronagraph, reports the detection of a visual companion with orbital period ∼ 12.4 yr (roughly twice the one we estimated), a lower eccentricity (e = 0.1677) and similar semi-major axis of the orbit (a = 6.17 AU, if we consider a distance of 30.6 pc). Moreover, Tokovinin (2014, hereafter T14) reports that this visual companion has m = 0.85 M . The most likely explanation is that the observations of Riddle et al. did in fact detect the spectroscopic companion, but the coarse timing of the observations produced a larger period; the lower eccentricity could be explained by a strong covariance between e and the inclination i. If i is lower, that means the mass of the companion is significantly higher than m sin i = 0.316 M , and that would explain the value obtained by T14. A companion with a mass as large as 0.85 M would likely pollute the spectra of HIP 19911, which agrees with our observation that this is a SB II system. If confirmed, this prominent ∼0.85 M red dwarf companion could explain the observed activity levels for HIP 19911, since red dwarf stars are expected to be more active than Sun-like stars.
HIP 67620
This is a well-known binary and the target with the largest amount of RV data available (see Fig. 2 ). Its orbital parameters have been previously determined by Abt & Willmarth (2006) and more recently by Jenkins et al. (2015) and Willmarth et al. (2016) . The orbital parameters we obtained are in good agreement with Willmarth et al. (2016) . It has one of the most peculiar rotation rates from our sample (2.77 km s −1 for an age of 7.18 Gyr), an enhanced chromospheric activity (Freitas et al. 2017 ) and an anomalous [Y/Mg] abundance (Paper III). The orbital period of the system is far too long for gravitational interaction to enhance the rotation of the main star through tidal acceleration, thus we should expect that they evolve similarly to single stars from this point of view.
High-resolution imaging of HIP 67620 revealed a companion with V mag ≈ 10 and separations which are consistent with the spectroscopic companion (Hartkopf et al. 2012; T14) . As explained by Jenkins et al. (2015) , the presence of a companion with m > 0.55 M can produce contaminations to the spectra that introduce noise to the measured RVs; our estimate of m sin i for this system is 0.58 M . These results suggest that, similarly to HIP 19911 but to a lesser degree, the companion of HIP 67620 may be offsetting our estimates for rotational velocity, stellar activity, chemical abundances and isochronal age.
We were unable to discern double-lines in the HARPS spectra, likely resulting from unfavorable Doppler separations (observations range from February 2012 to March 2013). However, an analysis of the CCF of this star shows slight asymmetries in the line profiles of the HARPS spectra, which indicates a possible contamination by the companion. Fuhrmann et al. (2017) reported HIP 67620 as a double-lined binary using spectra taken at high-resolution (R ≈ 60,000) in February 2014 and July 2015. As expected due to the short time coverage of the HARPS spectra, we did not see any correlation between the bisector inverse slope (as defined in Queloz et al. 2001 ) and the radial velocities of HIP 67620. Jenkins et al. (2015) found an additional signal on the periodogram of HIP 67620 at 532 d, which could be fit with a 1 M Jup planet, bringing down the rms of the fit by a factor of 2. However, we did not find any significant peak in the periodogram of the residuals of the radial velocities for HIP 67620. 
HIP 103983
The revised age for HIP 103983 (4.9 ± 0.9 Gyr; Spina et al., in preparation) renders this system as an abnormally fast rotator (3.38 km s −1 ) for its age. However, upon a careful inspection of the HARPS data obtained at different dates, we identified that the spectrum from 2015 July 27 displays clearly visible double-lines, albeit not as well separated as those observed in the HIRES spectra of HIP 19911 (see Fig.  3 ). No other anomalies besides enhanced rotation were inferred for this system. The CCF plots of the HARPS spectra show clear longer tails towards the blue side for most observations.
In Paper IV we reported distortions in the combined spectra of HIP 103983; this is likely a result from the combination of the spectra at orbital phases in which the Doppler separation between the binaries is large. Since the observing windows of the HARPS spectra of HIP 19911 and HIP 67620 do not cover large RV separations (see Fig. 2 ), the same effect is not seen in the combined spectra of these stars. This effect also explains why HIP 103983 is an outlier in fig. 4 of Paper IV.
Although we have limited RV data, the emcee simulations converge towards a well-defined solution instead of allowing longer periods, as these produce larger residuals. It is important, however, to keep monitoring the radial velocities of this system in order to confirm that the most recent data points are in fact a second inflection in the radial velocities. The residuals for the fit for the HIRES spectra are on the order of 100 m s −1 , which is likely a result from the contamination by a bright companion. T14 reported a 0.91 M visual companion at a separation of 0.093 , which is consistent with the spectrocopic semi-major axis we estimated: 0.149 for a distance of 65.7 pc (van Leeuwen 2007).
Other binaries with updated orbital parameters
Among the known binaries in the solar twins sample, five of them display curvature in their RV data which allows the estimation of limits for their orbital parameters (see Table  4 and Fig. 4) . Some of the linear trend binaries observed in our HARPS Solar Twin Planet Search program are targets with large potential for follow-up studies. For the companions with visual detection, we were able to estimate their most likely mass (see Table 5 ).
HIP 14501: Linear trend. Its companion is reported by Crepp et al. (2014) as the first directly imaged T dwarf that produces a measurable doppler acceleration in the primary star. Using a low-resolution direct spectrum of the companion, Crepp et al. (2015) estimated a model-dependent mass of 56.7 M Jup . Using the HARPS and HIRES/Keck RV data and the observed separation of 1.653 (Crepp et al. 2014) , we found that the most likely value of the companion mass is 0.043 M (45 M Jup ), which agrees with the mass obtained by Crepp et al. (2015) . The most recent HARPS data hints of an inflection point in the orbit of HIP 14501 B (see Fig.  5 ), but further RV monitoring of the system is necessary to confirm it.
HIP 18844: Linear trend. It is listed as a multiple system containing a closer-in low-mass stellar companion (estimated 0.06 M , which agrees with our most likely mass) and orbital period T = 6.5 yr (T14, and references therein). For the companion farther away, Jenkins et al. (2015) reported a minimum orbital period of ∼ 195 yr and m sin i = 0.33 M , with a separation of 29 in 1941 (∼750 AU for a distance of 26 pc).
HIP 54102: RV curvature only. It is listed as a proper motion binary by Makarov & Kaplan (2005) , but there are no other information about the companions in the literature. Its eccentricity is completely unconstrained due to lack of RV coverage. We estimate that its companion's minimum mass is 12.6 M Jup , with an orbital period larger than 14 years. mass estimate. The main star displays clear signals of atmosphere pollution caused by mass transfer from its companion during the red giant phase (Takeda et al. 2011) , characterizing the only confirmed blue straggler of our sample. The measured projected separation of the binary system is 18.1 AU (M14), which indicates that even for such a wide system the amount of mass transferred is still large enough to produce measurable differences in chemical abundances.
It seems, however, that the amount of angular momentum transfer was not enough to produce significant enhancement in the rotation rate and activity of the solar twin. It is also important to note that the isochronal age measured for this system (Paper III) has a better agreement with the white dwarf (WD) cooling age estimated by M14 than previous estimates, illustrating the importance of studying these Siriuslike systems to test the various methods of age estimation. HIP 65708: This star has previously been reported as a single-lined spectroscopic binary with an orbital solution (Latham et al. 2002) . Here we update this solution by leveraging the extremely precise radial velocities measured in the Lick Planet Search program and with the HARPS spectrograph. The minimum mass of the companion is 0.167 M , indicating it is a red dwarf, orbiting at less than 1 AU with a slight eccentricity of 0.31. Our results agree with the previous orbital solution, which was based solely on data with uncertainties two orders of magnitude higher than the most recent data from HARPS and the Lick Planet Search. . Posterior probability distribution of the companion mass for HIP 64150. The mass obtained by Matthews et al. (2014) using SED fitting for the spectra of the WD companion is shown as a red vertical line.
HIP 72043: RV curvature only. Similarly to HIP 54102, it is listed as a proper motion binary and we could not constrain its eccentricity. A fairly massive (> 0.5 M ) companion is inferred at a very large period; this fit suggests that the longitude of periapse of the companion of HIP 72043 is currently at an unfavorable position for visual detection.
HIP 73241: RV curvature only. The companion's orbit is eccentric enough to allow an estimation of the minimum eccentricity; its companion has been previously been confirmed by Raghavan et al. (2010) and visually detected by T14 with a separation 0.318 . In Paper IV we listed this star as having an unusually high rotation, but here we revise this conclusion and list HIP 73241 as a candidate peculiar rotator because its v sin i is less than 2σ above the expected value for its age. Similarly to HIP 67620, this peculiarity, if real, could also be explained by contamination by a bright companion, since we determined that the minimum companion mass m sin i > 0.49 M .
HIP 79578: The companion is a well-defined 0.10 M red dwarf orbiting the main star approximately every 18 years in a fairly eccentric orbit (e = 0.33). The orbital parameters we obtained differ significantly from the ones obtained by Jenkins et al. (2015) by more than 10%, except for the eccentricity; also in contrast, Jenkins et al. report it as a brown dwarf companion. The fit for this binary displays residuals of up to 30 m s −1 for the AATPS radial velocities, and the periodogram of these residuals shows a peak near the period 725 days. When we fit an extra object with m sin i = 0.70 M Jup at this period (a = 1.62 AU and e = 0.87), it improves the general fit of the RVs by a factor of 7. It is important to mention, however, that there are only 17 data points for the AATPS dataset, and the HARPS dataset does not display large residuals for a single companion fit. We need thus more observations to securely infer the configuration of this binary system, and if it truly has an extra substellar companion at a shorter period.
HIP 81746: This is another high-eccentricity (e = 0.7) binary that does not display clear anomalies in its rotation and activity. Its companion is a 0.1 M red dwarf orbiting the main star every 9 years. The orbital parameters we obtained are in good agreement with the ones reported by Jenkins et al. (2015) . HIP 83276: RV curvature only. Although the HARPS radial velocities suggest the presence of a stellar mass companion, we do not have enough RV data points to infer any information about the orbital parameters of the system. Using radial velocities measured with the CORAVEL spectrograph, Duquennoy & Mayor (1991) found the companion has m sin i = 0.24 M , e = 0.185 and an orbital period of 386.72 days.
HIP 87769: RV curvature only. It is reported as a binary system by T14 but, similarly to HIP 54102, lacks an inflection point in its RV data from HARPS, which spans 3.3 yr. There is a wide range of possible orbital solutions that suggest m sin i varying from brown dwarf masses to ∼ 1 M . Higher eccentricities (e > 0.8) can be ruled out as unlikely because they suggest a companion with m sin i ≈ 1 M at an orbital period of more than 500 yr and a > 80 AU.
Considerations on multiplicity statistics
Although planet search surveys are generally biased against the presence of binaries due to avoiding known compact multiple systems, the fraction of binary or higher-order systems in the whole sample of the Solar Twin Planet Search program is 42% ± 6% 8 . This value agrees with previous mul-tiplicity fractions reported by, e.g., Raghavan et al. (2010) and T14; however, it is signficantly lower than the 58% multiplicity factor for solar-type stars reported by Fuhrmann et al. (2017) , who argues that previous results are subject to selection effects and are thus biased against the presence of multiple systems.
The orbital period vs. mass ratio plot of companions in the Solar Twin Planet Search is shown in Fig. 7 . A comparison with the sample of solar-type stars from T14 reveals two important biases in our sample: i) Mass ratios are mostly below 0.3 because of selection of targets that do not show large radial velocity variations in previous studies; ii) Orbital periods are mostly lower than 30 yr because longer values cannot be constrained from the recent RV surveys targeting solartype stars with low-mass companions. In such cases, further monitoring of linear trend and RV curvature-only binaries may prove useful to understand the origins of the brown dwarf desert (Grether & Lineweaver 2006) . These targets are particularly appealing because the long periods mean that the separation from the main star is large enough to allow us to observe them directly using high-resolution imaging.
Previous studies on the period-eccentricity relation for binary stars found that systems with orbital periods below 10 days tend to have eccentricities near zero, while those between 10 and 1000 days follow a roughly flat distribution of eccentricities (Kjurkchieva et al. 2016 , and references therein), an effect that is due to the timescales for circularization of orbits. In relation to our sample, with the exception of HIP 30037, HIP 65708 and HIP 83276, all of the binaries we observed have periods longer than 1000 days and eccentricities higher than 0.3, which agrees with the aforementioned findings. According to Duquennoy & Mayor (1991) , the distribution of eccentricities on systems with T > 1000 d is a function of energy only, and does not depend on T (see fig. 5 in Duquennoy & Mayor) . Interestingly, HIP 30037, which hosts a brown dwarf companion with T = 31.6 d, falls inside the 25-35 days interval of orbital periods found by Kjurkchieva et al. that corresponds to a short stage of evolution of binaries undergoing a fast change in their orbits.
CONCLUSIONS
The Solar Twin Planet Search and several other programs observed 81 solar twins using the HARPS spectrograph. In total, 18 of these solar twins are spectroscopic binaries, 18 are visual binaries, and two intersect these categories. We found a multiplicity fraction of 42%±6% in the whole sample, which is lower than the expected fraction (∼58%) because of selection effects that are generally seen in exoplanet search surveys.
We updated or reproduced the solutions of several known binaries, and determined all the orbital parameters of HIP 19911, HIP 65708, HIP 67620, HIP 79578, HIP 81746 and HIP 103983. The stars HIP 43297 and HIP 64673, which we previously reported as binaries, are likely to host longperiod giant planets instead of stellar companions. For binaries with partial orbits, we were able to place lower limits for some of their orbital parameters owing to the presence of curvature or an inflection point in their RV data. We estimated the most likely mass of the companions of the binaries that display only linear trends in their RV data. Future work Mass ratio Figure 7 . Mass ratios in function of the orbital periods of binary stars or higher-order systems in the solar neighborhood. The purple circles are binaries in our sample with well defined period and m sin i; the blue triangles correspond to the binaries in our sample for which we only have lower limits for the periods and m sin i. The stars from T14 are plotted as black dots (the darker ones are those with main star masses between 0.9 and 1.1 M ).
is needed on studying the long-period binaries using photometry data and high-resolution imaging in order to constrain the nature of their companions. These wide solar twin binaries are prime targets for detailed physical characterization of their companions owing to the favorable separation for AO imaging and the precision with which we can measure the stellar parameters of the main star -this is particularly important for fully convective red dwarf stars and very lowmass companions such as the T dwarf HIP 14501 B, whose evolution and structure is still poorly constrained.
Additionally, we reported the detailed discovery of new companions to the following solar twins: HIP 6407, HIP 30037, HIP 54582, and HIP 62039, for which we are able to determine an orbital solution for the first two using radial velocities. The latter two do not have enough RV data to obtain precise orbital parameters, but we can nonetheless estimate their minimum companions masses. We found that these new companions are likely very low-mass, ranging from 0.02 to 0.12 M (although stressing that these are lower limits), which should be useful in understanding the origins of the brown dwarf desert in future research.
The anomalies and RV residuals observed on HIP 19911, HIP 67620 and HIP 103983 are likely due to contamination by the companion on the spectra of the main star. Although the peculiar stars in our sample are no longer considered blue straggler candidates, it is important to note that the detection of WD companions is particularly important for the study of field Sun-like stars because they allow the estimation of their cooling ages; these are more reliable than isochronal and chromospheric ages in some cases, providing thus robust tests for other age estimate methods. We do not expect that the presence of M dwarf companions contaminate lithium spectral lines in Sun-like stars, thus stellar ages derived from Li abundances may be more reliable for double-lined solar twins. We recommend a revision of the stellar parameters of the peculiar binary stars by analyzing high-resolution spectra at the highest Doppler separations possible, or using Gaussian processes to disentangle the contaminated spectra (see, e.g., Czekala et al. 2017) .
We conclude that single-lined solar twin binaries with orbital periods larger than several months and moderate to low eccentricities do not display signals of distinct rotational evolution when compared to single solar twins. The most compact system in our sample, HIP 30037, which hosts a 0.06 M brown dwarf companion at an orbital period of 31 days is, in fact, one of the quietest stars in the sample (in regards of its activity levels), and is thus a viable target for further efforts in detecting moderate-to long-period circumbinary planets.
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